Rolling Circle Amplification (RCA) is an isothermal enzymatic method generating single-stranded DNA products consisting of concatemers containing multiple copies of the reverse complement of the circular template precursor. Little is known on the compatibility of modified nucleoside triphosphates (dN*TPs) with RCA, which would enable the synthesis of long, fully modified ssDNA sequences. Here, dNTPs modified at any position of the scaffold were shown to be compatible with rolling circle amplification, yielding long (>1 kb), and fully modified single-stranded DNA products. This methodology was applied for the generation of long, cytosine-rich synthetic mimics of telomeric DNA. The resulting modified oligonucleotides displayed an improved resistance to fetal bovine serum. † Electronic supplementary information (ESI) available: General procedures, oligonucleotide sequences, additional gel images and tables. See
Introduction
The intricate and enzyme-based in vivo DNA replication machinery has been a source of inspiration for the generation of strategies for the in vitro amplification of nucleic acids. In this context, the polymerase chain reaction (PCR) and rolling circle amplification (RCA) are the most used and renowned methods for the amplification of DNA. [1] [2] [3] RCA is an isothermal polymerase-mediated replication of single-stranded (ss) DNA nanocircle templates that yields long ssDNA products containing numerous repeats complementary to the sequence of the circular precursor. [4] [5] [6] [7] [8] This amplification tool has found a variety of applications including DNA quantitation, 6, 9 sensing of biologically relevant analytes, [10] [11] [12] [13] [14] whole genome analysis, 3 and the construction of DNA nanowires. 15 Furthermore, small circular DNAs have served as templates for the generation of synthetic mimics of human telomeres. 16, 17 Due to staggering advances in organic synthesis and polymerase engineering, the co-polymerization of modified deoxynucleoside triphosphates (dN*TPs) has advanced as a versatile and convenient method for increasing the chemical repertoire of the functionality deprived nucleic acids. 18, 19 Indeed, the inclusion of dN*TPs in primer extension reactions has allowed to equip nucleic acids with a variety of functional groups including amino acids, [20] [21] [22] [23] [24] redox labels, [25] [26] [27] side-chains capable of organocatalysis, 28 transition metals, 29, 30 boronic acids, 31 and even oligonucleotides. 32 These modified nucleotides are typically inserted in oligonucleotides by primer extension reactions (PEX) or PCR, yielding dsDNA products which can then be further converted to ssDNAs. Surprisingly, while dN*TPs have been engaged in a multitude of practical applications including in vitro selections of catalytic nucleic acids, 33, 34 only few examples report on the combined use of dN*TPs and RCA, which allows for the generation of modified ssDNA products. In this context, single dN*TPs (mainly dUTPs) adorned with fluorophores including DY-555 and Cy5 have been used in RCA for fluorescence imaging purposes of the ensuing reaction products, [35] [36] [37] [38] [39] while a dATP equipped with a biotin residue was recently included in RCA in order to facilitate the labelling of the long ssDNA products with ZnS nanocrystal clusters. 40 Finally, Marx et al. took advantage of the combined use of modified dUTPs and RCA to generate long DNAs embellished with short organic polymers. 41 All these examples involve the inclusion of single, base-modified dNTPs, mainly mediated by the Φ29 DNA polymerase, which is rather intolerant to modified substrates. 38, 42 However, some applications would benefit from the inclusion of multiple and differentially modified dNTPs, and thus a general method for the insertion of chemical diversity into RCA products would be an interesting asset.
Herein, I report that deoxynucleoside triphosphates modified at any possible site, i.e. at the level of the nucleobase, the backbone, and the sugar unit ( Fig. 1) , are fully compatible with the rolling circle amplification method. Application of this strategy allowed for the generation of very long (>1 kb) single-stranded and highly functionalized DNAs. Moreover, dN*TPs could be employed to generate long, cytosine-rich mimics of telomeric DNA. The combination of RCA with dN*TPs represents a potentially useful method for the generation of long fully modified ssDNAs with increased resistance to nucleases, which might be engaged in a variety of potent applications including biosensing, 4,43 generation of nanomaterials, 15, 39 and the development of more potent catalytic nucleic acids. 14, 44 Results and discussion
Design of the templates and dN*TPs
With the intent of investigating on the compatibility of dN*TPs with RCA, the DNA nanocircle templates cT1-3 developed by Kool et al. were chosen ( Fig. 1B ). 45 These templates consist of 7-9 perfect G-rich telomeric repeats (GGGTTA) and are ideally suited for the generation of long C-rich products. These DNA nanocircles also allowed for the assessment of the compatibility of dN*TPs modified at every possible location (viz. the nucleobase, the sugar, or the backbone) on templates with a more demanding topology. The circular templates cT1-3 are accessible only by application of an orthogonal protecting group strategy at the level of the linear precursors T1-3, since the splint oligonucleotides are prone to hybridize only in the center of these sequences. 17, 45, 46 However, this additional synthetic step can be circumvented by using CircLigase™, an ATP-dependent ligase that mediates the intramolecular ligation of 5′-phosphorylated single-stranded oligonucleotides. 47, 48 Indeed, when the unprotected 5′-phosphorylated oligonucleotide precursors are incubated at 60°C in the presence of CircLigase™, only the circular products are formed (ESI, Fig. S1 †) , which could be isolated in acceptable yields after gel elution (15-40% isolated yields). The integrity of the formed circular products was assessed by exonuclease I digestion (ESI, Fig. S2 †) .
Polymerase screen under RCA conditions with the G-rich templates cT1-3
With the circular templates in hand, a panel of DNA polymerases (both A-and B-family) was screened to assess the ability of extending a primer under RCA conditions in the presence of both unmodified and modified dNTPs ( Fig. 1B) . Concerning the dN*TPs, triphosphates 1-3 bearing amino acid like side-chains anchored at C5 of the pyrimidine and N7 of the purine nucleobases, 24 sugar-modified 2′-fluoro-rNTPs 5, and backbone-modified α-thio-dNTPs 6 were chosen as substrates (Fig. 1A) . The polymerization reactions with template cT3 and primer P1 followed standard procedures 41, 45 and analyses of the resulting products are shown in Fig. 2 and the ESI ( Fig. S3 -5 †). Various polymerases including Vent (exo − ), 9°N m and even Pfu were capable of efficiently extending the primer to generate long, single-stranded products with natural dNTPs (lanes 1, 2, and 5, respectively). On the other hand, only the 9°N m DNA polymerase seemed to be proficient at the polymerization of the dN*TPs under these conditions (lanes 2 in Fig. 2) . As observed in a previous report, 45 the Φ29 DNA polymerase displayed little propensity at extending the primer P1 under RCA conditions in the presence of either modified or natural dNTPs (lanes 4). Similar results were also observed with the other slightly shorter templates cT1 and cT2, both in the presence of single and multiple dN*TPs in the reaction mixtures (ESI, Fig. S6 -12 †). Moreover, using 9°N m as the polymerase leads to the conversion of the majority of the primer P1 into long (>1 kb) products regardless of the nature of the modification ( Fig. 3 ). As estimated by quantitative autoradiography (ESI, Table S1 †), the α-thio dNTPs 6 are most efficiently incorporated (∼30% of conversion of the primer to RCA product), followed by the base-modified dNTPs 1-3 (∼20%), and the natural triphosphates (∼10%). Not surprisingly, the 2′-fluoro- rNTPs 5 led to the lowest conversion (∼5%) since they are rather moderate substrates for DNA polymerases with the exception of 2′F-rCTP. 49, 50 In order to exclude the possibility that the observed products stem from another mechanism than rolling circle (e.g. multiround rolling hairpin replication 7 ), primer extension reactions (PEX) were carried out with the linear template T1 and the 9°N m DNA polymerase (ESI, Fig. S13 †) . The main products observed correspond to fully extended primer P1 with a retardation in the gel mobility of bands in the case where modified dN*TPs were used. 24, 41 Multiple bands also arose due to the existence of various primer binding sites on each template. On the other hand, very little (<10%) of long products that were not resolved by 10% PAGE, formed under PEX conditions with the linear templates. Moreover, a Sanger sequencing experiment based on dideoxynucleoside triphosphates (ddNTPs) was carried out on the RCA product stemming from the reaction of the 9°N m DNA polymerase with template cT1, primer P1, and natural dNTPs (ESI, Fig. S14 †) . This sequencing experiment clearly revealed the expected pattern of a product resulting from a rolling circle amplification, thus showing that RCA is the predominating mechanism under these conditions, in agreement with earlier findings. 41 
RCA with different templates and dN*TPs
Next, the generality of the method was assessed by changing the topology of the templates as well as the nature of the functional groups present on the dN*TPs. In this context, the circular template cT4 (ESI †) containing a randomized N 20 region, 7 similar to templates used in in vitro selections, 18 was chosen to maximize chemical and sequence diversity. Therefore, when dN*TPs 1-3 along with 7-deaza-dGTP 4 were used in conjunction with cT4 and the corresponding primer P2, fully modified RCA products could be obtained with the 9°N m DNA polymerase (ESI, Fig. S15 and 16 , and Tables S2 and S3 †) . Similarly, when dN*TPs 5 and 6 were used either with natural or modified dGTP 4, long, modified RCA products were consistently observed when cT4 served as the template (data not shown). Also, circular template cT5, which contains the reverse complement of the sequence corresponding to the RNA-cleaving DNAzyme 10-23, 51 was obtained by a T4 DNA ligase mediated splint ligation (ESI †). cT5 was then used as a template for RCA with one lone dN*TP or a combination of different dN*TPs along with primer P2 (ESI, Fig. S17 †) . In all cases, the 9°N m DNA polymerase could extend the primer to generate long, modified ssDNA RCA products with high efficiencies.
The insertion of other functional groups is also possible by RCA. Indeed, when dUTP analogs bearing side-chains that could promote organocatalysis, i.e. proline-based residues or strong H-bond donors, 52, 53 were included in the RCA reaction with cT4, along with α-thio-dATP, α-thio-dCTP, and dGTP 4, the expected fully modified, ssDNA products were obtained (ESI, Fig. S18 †) .
Serum stability of the RCA products
Lastly, the enzymatic stability of the fully modified singlestranded oligonucleotides obtained by RCA in a biological environment was assessed. In this context, the RCA products obtained with template T1 were incubated in 10% heat-deactivated FBS at 37°C. Fig. 4 shows that little degradation occurred over 10 h with the α-phosphorothioate oligonucleotides (line 3), while the unmodified DNA controls were rapidly degraded under these conditions (line 1). Similarly, the products stemming from the polymerization of the base-modified dN*TPs 1-3 and the 2′-fluoro-rNTPs were rather resilient to degradation (lines 2 and 4, respectively).
Conclusions
In summary, I demonstrated that modified deoxynucleoside triphosphates are fully compatible with the rolling circle strategy, regardless of the nature of the modification and the topology of the template. The 9°N m DNA polymerase, which is more tolerant to modified substrates than the Φ29 DNA polymerase which is typically used for RCA, seems to be the most proficient enzyme for the extension of primers under RCA conditions with dN*TPs. This method was employed to generate fully modified, cytosine-rich mimics of telomeric DNA and all the resulting modified RCA products presented an increased nuclease resistance compared to the unmodified counterparts.
The inclusion of chemical diversity into RCA can further broaden the scope of this important methodology and promote the development of new tools for studying biological systems. Moreover, this methodology could have an important impact in synthetic biology, since it guarantees a facile access to fully-modified single-stranded DNA sequences which are difficult to be obtained by any other enzymatic or chemical strategy. Since the inclusion of dN*TPs can enhance the nuclease resistance of the ensuing RCA products new biosensors and biocatalysts can be developed.
Experimental procedures
General procedure for ligation of templates 1 nmol of oligonucleotides T1-T3 were ligated in 40 μL reactions that contained 1× buffer (50 mM MOPS ( pH 7.5), 10 mM KCl, 5 mM MgCl 2 , and 1 mM DTT), 5 mM MnCl 2 , 100 μM ATP, 1M betaine, and 200 U of CircLigase™. The reactions were incubated at 60°C for 12 h and then heat deactivated (80°C, 10 min). The reaction mixtures were precipitated ( phenolchloroform extraction followed by an EtOH wash) and dissolved in 20 μL of H 2 O. An equal volume of gel loading buffer (formamide (70%), ethylenediaminetetraacetic acid (EDTA; 50 mM), bromophenol (0.1%), xylene cyanol (0.1%)) was added and the ligated oligonucleotides were purified by 20% PAGE (Fig. S1, ESI †) . The bands corresponding to product were then eluted (crush and soak method using a buffer consisting of LiClO 4 1%, NEt 3 1 mM, pH 8), precipitated (EtOH), and desalted (G10 spin columns). 150-400 pmol of circular oligonucleotides were then recovered as determined by UV spectroscopy (A 260 measurements).
General procedure for exonuclease I treatment 54 The cleavage reactions were performed in 20 μL reactions containing 1× reaction buffer (67 mM Glycine-KOH, 6.7 mM MgCl 2 , 10 mM β-ME, pH 9.5) and 10 U of exonuclease I. The mixtures were incubated at 37°C for 30 min. Following heat deactivation (80°C, 10 min), an equal volume of loading buffer was added and the reaction products were analyzed by 15% PAGE (Fig. S2, ESI †) .
General procedure for rolling circle amplification
The appropriate template (2 pmol per reaction) and 32 Plabelled primer (∼1 pmol per reaction) were annealed in the presence of 10× enzyme buffer ( provided by the supplier of the DNA polymerase) by heating to 95°C and then gradually cooling down to room temperature. The adequate DNA polymerase (2 U) and water were then added in turn to the annealed oligonucleotides at 4°C. The various dNTPs were then added (1 mM final concentration) for a total reaction volume of 20 μL. Following incubation at the optimal temperature for 60 min, the reactions were quenched by adding of 20 μL of stop solution (formamide (70%), ethylenediaminetetraacetic acid (EDTA; 50 mM), bromophenol (0.1%), xylene cyanol (0.1%)). The reaction mixtures were subjected to gel electrophoresis in 5-10% denaturing PAGE containing TBE 1× buffer ( pH 8) and 7 M urea. The products were run against a 32 P-radiolabelled low molecular weight DNA ladder (units are given in base pairs) that served as a size standard. Visualization was performed by phosphorimaging.
Serum stability assays 55
The RCA products were generated as described above. The resulting reaction mixtures were heat deactivated (95°C, 10 min). 4 μL aliquots were then incubated in 10% FBS at 37°C for given amounts of time. The reaction mixtures were then quenched with 10 μL of stop solution and analyzed by 15% PAGE. The following time-points were taken: 0, 2, 4, 6, 8, 12, and 20 h.
